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ABSTRACT

Multiple sclerosis is a complex
disease with many different immune
cells involved in its pathogenesis.
Newly identified T helper cell 22
(Th22) is a subset of CD4™ T cells
with specific properties apart from
other known CD4% T cell subsets
with distinguished function and
gene expression. Th22 cells are
characterized by production of a
distinct profile of effector cytokines,
including interleukin (IL)-22, IL-13,
and tumor necrosis factor-o (TNF-
a). The frequency of Th22 and
related cytokine IL-22 are increased
in various autoimmune diseases.
Recently, several studies have
reported the changes in frequency
and function of Th22 in multiple
sclerosis. This review discusses the
role of Th22 and its cytokine IL-22
in the immunopathogenesis of
multiple sclerosis disease.
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INTRODUCTION

Multiple sclerosis (MS) is a
chronic inflammatory autoimmune
disease of the central nervous
system (CNS) with unknown
etiology and heterogeneous clinical
symptoms and course.!
Demyelination, where the myelin
sheath or the oligodendrocyte cell
body is destroyed by the
inflammatory process, is the
hallmark of MS. Myelin plays a
critical role in insulation of nerve
fibers and regulates the speed of
neurotransmission, and myelin
destruction is seen in numerous
neurological disorders, including
MS.2% MS is a complex disease with
many different immune cells
involved in its pathogenesis. The
cellular and homoral arms of the
immune system have critical roles in
the pathogenesis of MS, especially
on adaptive immune system. Recent
studies have suggested that the



innate immune system also plays an
important role both in the initiation
and progression of MS by
influencing the effector function of
T and B cells.*® In particular, T cells
are the most recognized cell type,
and inflammatory lesions in the CNS
of MS patients contain both CD4%
and CD8* T cells.” In addition,
studies have shown that MS patients
have a significant loss of effector
function in the regulatory
CD4+CD25% subset of T cells
(Treg).® Myelin-specific T cell
clones, including T helper 17 (Th17)
cells and their pro-inflammatory
cytokines IL-17 and IL-6, along with
Th1 and its cytokines IL-2, IFN-
gamma, and TNF-o have been
found in MS lesions.”"” In addition, B
cells and plasma cells can also be
found in MS lesions.” Th22 cells as a
new CD4* T cell subset are mainly
found in tissues. These cells and
their cytokine (IL-22) levels are
increased in autoimmune diseases
such as rheumatoid arthritis,
psoriasis, and MS. The main targets
of the autoimmune reactions are
thought to be myelin basic protein
(MBP), proteolipid protein (PLP),
and myelin oligodendrocyte
glycoprotein (MOG)." In this
review, we will focus on the role of
Th22 and its pro-inflammatory
cytokine IL-22 in the pathogenesis
of MS.

T HELPER 22

Th22 cells are a subset of CD4%
effector T cells that link to the
innate immune response and
inflammation in autoimmune
disorder; however, the accurate role
of this subset in autoimmune
disorder is not fully understood.
Th22 cells secrete 1L-22, IL-13, and
TNF-a. They also express other
factors such as fibroblast growth
factor isoforms, which contribute to
tissue remodeling, and chemokine
receptors CCR4, CCR6, and CCR10.
In addition, they do not express IL-
17, IL-23R, CCL20, IFN-y (Th1
marker) or IL-4 (Th2 marker).
Furthermore, Th22 cell subset is
distinguished from Th17 cells by low

or no CD161 (Th17 markers)
expression and a high level of poly
functionality.'®!* Duhen et al®®
reported that Th22 has low or
undetectable expression of the Th17
and Thl transcription factors
RORyt, GATA-3, and T-bet. Thus,
these features distinguish Th22 cells
from the Th17, Th2, and Thl
subtypes. In other words, Th22 cells
are a novel Th cell lineage.” "
Activated naive CD4* T cells can
differentiate into Th22 cells in
response to TNF-o and IL-6. The
expansion of Th22 cells seems to be
regulated by a transcription factor
named aryl hydrocarbon receptor
(AHR) (Table 1).1%'" The
differentiation process could be also
inhibited by the addition of
increased concentrations of TGF-f.*
The notch family of cell
membrane receptors is a vital
modulator of T cell-mediated
immune responses. In the last
decade, evidence has shown that
notch cells via their interactions
with the canonical nuclear binding
protein CSL/RBP-J have important
roles as transcriptional regulators in
T cell activation.' It was
demonstrated that via induction of
endogenous AHR stimulators, notch
signaling drives the production of
IL-22. In addition, it is suggested
that induction of CD4% T cells by
notch result in elevation of the IL-
22, even in the absence of STAT3.*
Also, down-regulation of either the
transcription factors AHR or the
RORC by RNA-mediated
interference affect IL-22 production,
whereas IL-17 secretion is affected
just by down-regulation of RORC
through RNA-mediated interference.
In other word, AHR agonists reduce
the expression of the Th17 master
transcription factor RORC without
affecting T-bet, GATA-3, or Foxp3.
AHR ligation not only decreases the
Th17 cell number, but also primes
naive CD4* T cells to produce IL-22
without IL-17 and IFN—y.* Finally,
there is clear evidence that AHR
activation participates in shaping
human CD4% T-cell polarization,
favoring the emergence of a Th22

distinct subset. Similar to Th17
cells, Th22 cells and its main
cytokine IL-22 are involved in the
pathogenesis of inflammatory and
autoimmune diseases.*

INTERLEUKIN 22

1L-22 is part of the IL-10 cytokine
family, which includes IL-10, IL-19,
IL-20, IL-22, IL-24, and IL-26 and
the more distantly related IL-28A,
IL-28B, and IL-29.#* Like other IL-
10 family members, IL-22 has also
an a-helical secondary structure.®
In contrast to IL-10, IL-22 does not
prevent the secretion of pro-
inflammatory cytokines by
monocytes in response to LPS and
also nor does the function of IL-10
on monocytes, but it has a modest
inhibitory effects on IL-4 secretion
from Th2 cells.”® IL-22 was originally
thought to be a Thl-associated
cytokine; now it is recognized that
1L-22 is highly expressed by Th17
and Th22 cells. Several innate
immune cells, such as mast cells,
CD11ct DCs, y8 T cells, NKT cells,
natural killer22 (NK22) cells,
lymphoid tissue inducer (LTi) and
LTi-like cells, are also enabled to
produce IL-22 (Figure 1). It can be
also produced by CD8* T cells.??"*

1L-22 not only raises pro-
inflammatory innate defense
mechanisms in epithelial cells, but
also provides vital protection to
tissues from damage produced by
inflammation and infection.* As it
mentioned before, the most
important IL-22 producing cells are
the Th-22 cell. IL-22 exerts its effect
on epithelial and stromal cells in the
skin, gut, and lung.”® In the other
words, in contrast to its
inflammatory role in autoimmune
diseases, IL-22 also plays a
protective role in the prevention of
inflammation in other diseases.”*
Thus, there is a paradox about the
role of IL-22 in the immune system.
Recent findings have revealed that
1L-22 is differentially expressed in
many autoimmune diseases.”? In
fact, depending on the target tissue,
1L-22 is beneficial to the host in
many infectious and inflammatory
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TABLE 1. The polarization of naive CD+T cells to different subsets

T CELL DIFFERENTIATION TRANSCRIPTION MAIN MAIN
SUBSET FACTORS FACTORS CYTOKINES FUNCTION R
. . Inflammatory and
INF- IFN- ﬁlifacgé?u?a{frfeﬁﬂgtipness | autoimmune discases:
Th IL-1g T-Det TNFY * Help B cells ?o rogduce MS, type 1 insulin-
anti%od p dependent diabetes,
v posterior uveitis
e Activate the humoral or
IL-4 cellular immune response
Th2 L2 GATA3 IL-4, 5,13 against extracellular Allergic disorders
parasites and allergic
pathogens
¢ Protect against parasitic
TGF-B GATA3 helminth infections and T Allergic disorders
Th9 IL-4 STAT6 IL-9 cell proliferation and Autoimmune diseases
IRF4 enhanced I1gG and IgE Asthma
production by B cell
e Defend against infection,
IL-6 ) extracellular bacteria, and Inflammatory and
Th17 IL-23 ROR-yt . 127? 1TI7\IFF 21 fungi autoimmune diseases:
IL-1B8 ’ * Enhance neutrophil MS, RA, psoriasis, lupus
response
 Contribute to tissue
inflammation
. Protegt against virus Inflammatory and
Th2 TFo AHR 122 |+ Regulate wound repar autoimmune diseases:
IL-6 gulate P MS, RA, psoriasis,
and healing Crohn’s disease, uveitis
e Mediate interactions of ’
the immune system with
stromal cells
TGF-B Foxp3 IL-10 o LR R Cancer and autoimmune
Treg IL-12 Runx TGF-p * Modulate immune N ——
1/3 response

Th: T helper; IL: interleukin; TNF: tumor necrosis factor; AHR: aryl hydrocarbon receptor; ROR: RAR-related orphan receptor; STAT: signal
transducer and activator of transcription; IRF: interferon regulatory factor; Foxp3: forkhead box P3; Runx: runt-related transcription factor;

T bet: T-box transcription factor; TGF: transforming growth factor; MS: multiple sclerosis; RA: rheumatoid arthritis

disorders, and it could be
pathogenic due to its inherent pro-
inflammatory properties, which are
further enhanced when IL-22 is
secreted with other pro-
inflammatory cytokines, in
particular IL-17.%

IL-22 binds to a heterodimer
class Il cytokine receptor complex
composed of the IL-10R2 and the
IL-22R1. IL-22R1 is expressed in a

variety of non-immune tissues, such
as lung, kidney, skin, and pancreas,
while the expression of IL-10R2 is
widely present in immune cells,
such as T, B, and NK cells.*” There
is also a soluble IL-22R called IL-22-
binding protein (IL-22BP). This
protein acts as a natural, soluble
antagonist of IL-22. The complex of
IL-22 and IL-22R induces a cascade
of downstream signaling pathways.*
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IL-22 signal transduction pathways
show that IL-22 binding to its
receptor leads to activation of Tyk2
and JAK1 but not JAK2, as well as
phosphorylation of STAT1, STATS,
and STAT5. A common pathways
shared by the IL-10 cytokine family
members is STAT3-mediated
signaling; IL-22 signaling displays
several distinct properties. Lejeune
et al’” have found that IL-22 triggers




the three major MAPK pathways
(ERKs, JNKs and p38/SAPKs) via
phosphorylation of MEK1/2,
ERK1/2, p90RSK, JNK, and p38
kinase. In the other words, 1L-22
strongly activates the ERK1/2
pathway via stimulation of STAT3
phosphorylation on both serine and
tyrosine residues.” Some factors,
such as c-Maf act specifically on IL-
22 and induce the expression of
other cytokines while common
factors such as STAT3 and RORyt
drive the expression of both IL-22
and IL-17 cytokines.” Rutz et al*
have demonstrated that
transcription factor c-Maf is induced
by TGF-$ as a downstream
repressor of IL-22. They have
reported that binding c-Maf to the
IL-22 promoter in Th17 cells was
both essential and sufficient for the
TGF-B-dependent suppression of IL-
22 secretion.® Therefore,
manipulation of the cellular source
of IL-22 and/or its signaling
pathways may provide a therapeutic
target for autoimmune diseases such
as MS.

T HELPER 22, INTERLEUKIN-22,
AND MS

Th22 cells were found to be
dedicated to the autoantigen myelin
basic protein, which is important in
the process of myelination of nerves
in the nervous system. IL-22 is also
involved in the pathogenesis of
experimental autoimmune
encephalomyelitis (EAE), a murine
model of human MS. The role of IL-
22 in MS has not yet been elucidated
but it has been done investigations in
this connection, in recent years.**

The EAE as an MS model is often
used to study neuroinflammatory
disease mechanisms. The recent
advances in whole-genome screening
tools via this model have enabled
discovery of several MS risk genes,
the majority of which are known as
immune-related factors. A single
nucleotide polymorphism of 1L-22
receptor (IL-22RA2) is a risk gene in
EAE and in patients with MS.
Another single-nucleotide
polymorphisms close to IL22RA2 and

FIGURE 1. IL-22 and its immunopathogenesis

Th: T helper; IL: interleukin; IFN: interferon; NK: natural killer; LTi: lymphoid tissue inducer;
yo T. gamma delta T; TNF, tumor necrosis factors; MS: multiple sclerosis; RA: rheumatoid
arthritis; SLE: systemic lupus erythematosus

coding for the soluble IL-22-binding
protein (IL-22BP) are also strongly
associated with MS. IL-22BP is
known to antagonize IL-22 signaling,
which is a primarily proinflammatory
cytokine. Beyeen et al* in 2010
detected this risk gene through a
combined approach that included
immunological and genetic
investigation in an animal model and
large-scale association studies of MS
patients, which established IL-22RA2
as an MS risk gene. In a similar study
in 2014, Laaksonen et al*
demonstrated that lack of IL-22BP
leads to a higher accessibility of IL-
22, which in CNS inflammation,
surprisingly acts in a protective
fashion. In other words, IL-22 and its
receptors have been implicated in
chronic inflammation, suggesting
that IL-22RA2 regulates a central
immune pathway.**

In recent studies, the roles of this
IL-22 and Th22 have been
investigated in MS patients. There is
evidence that serum IL-22 levels
were increased and Th22 cells were

activated in patients with MS during
a relapse phase. Th22 cells are
correlated with Th17 cells,
suggesting that Th22 cells and Th17
cells may play a synergistic role in
MS progression.* In 2014 Rolla et
al* showed that similar to Th17, the
number of Th22 cells was increased
in the peripheral blood and the CSF
of patients with relapsing-remitting
MS (RRMS), especially during the
active phases of the disease.” It is
likely that the expansion of Th22
cells contribute to breach the blood
brain barrier, allowing increased T
cell infiltration that triggers the MS
disease.* IFN-y therapy is the most
commonly used treatment for RRMS
patients.”* Interestingly, it is
revealed that one of the factors that
could critically influence resistance
to IFN-y therapy is the increase of
Th22 cells, which occurs before the
active phase of disease. Rolla et al"
showed that Th22 cells display
lower levels of IFNyR1 and are
insensitive to IFN-y therapy;
therefore, these MS patients are
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resistant to this therapy. These cells
also express high levels of CCR6 and
T-bet, which indicates that Th22
self-reactive cells could have CNS-
homing properties and be
pathogenic in patients with active
RRMS. Thus in MS pathogenesis,
these cells are thought to initiate an
autoimmune response directed
against components of CNS
myelin.**¢ In 2013, Xu et al*
demonstrated that the proportion of
Th22 cells and Th17 cells in MS
patients was higher than in control
samples. Serum IL-22 levels are also
increased in MS patients, indicating
that the disease duration positively
correlates with Th22 cells in MS.
The proportion of Th22 cells and
Th17 cells are also both elevated in
the PBMCs of patients with MS.* In
a similar study in 2011, Almolda et
al® observed a marked decrease of
Th1 and a notable increase in T-reg
and Th17 cells. Also, IL-22
concentrations were seen to sharply
decrease during the recovery phase
of MS along the EAE course.
Moreover, the results of the study
indicate a specific cytokine
expression profile characterized by
no changes of IL-10 and IL-17 levels,
decrease in IL-21 on the peak, and
high IL-22 levels during the
induction, whereas IL-22 levels
significantly decrease during
recovery phase.” Studies on MS
along the EAE course revealed for
the first time that the proportion of
Th22 cells, Th17 cells, and serum IL-
22 levels are increased in patients
with MS.*!

Recently, Perriard et al*
demonstrated the same result,
finding that the serum levels of IL-22
are significantly higher in patients
with relapsing MS than in healthy
controls. They also showed that
astrocytes in the human brain
express the both subunits of IL-22
receptor, and there is a colocalization
of IL-22 with these cells, which leads
to pro-survival properties on primary
human astrocytes.” Astrocytes have
been recognized as being an
important component of the
pathogenesis of MS disease.”

Studies that have shown that
some drugs, such as simvastatin,
can influence the secretion of IL-22
cytokine. Simvastatin, one of the
most hydrophobic statins, is
presented as an inhibitory factor for
secreting IL-22 and IL-17A and
other inflammatory cytokines in
patients with RRMS. These studies
reported that simvastatin can inhibit
Th17 cell differentiation and IL-17A,
IL-17F, IL-21, and IL-22 secretion in
differentiated naive CD4(+) T cells
in patients with RRMS due to its
ability to penetrate the CNS.*#* It is
interesting to note that there was a
marked decrease in the levels of IL-
22 in the initiation of the recovery
phase. This prominent result opens
a new and interesting way for
evaluating IL-22 as a putative key
factor involved in the evolution of
EAE. Therefore, the increased Th22
cells and serum IL-22 may play an
important role immunopathogenesis
of MS, similar to Th17 cells. One
feasibility is that this cytokine may
drive the inflammatory events
occurring during the peak and
inductive phases of MS, and
accordingly, its decrease in
production may stop the
inflammation and initiate recovery.
In other words, IL-22 may play an
important role in the pathogenesis
of both MS and EAE.*

CONCLUSION

Recent evidence shows changes
in frequency and function of Th22
and its cytokine IL-22 in patients
with MS, which suggests a potential
relationship between Th22 cells, IL-
22 levels, and the development and
disease course of MS and its
response to treatment. How Th22
cells and IL-22 levels affect the
disease course of MS requires
further elucidation. Additional
studies on the immunopathogenesis
of MS, specifically the roles Th22
cells and IL-22 cytokines may play
in disease progression, are
warranted and may lead to the
development of new therapeutic
strategies for treating neuro-
inflammatory diseases, such as MS.
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